The tip of the red giant branch (TRGB) is a promising standard candle for measuring extragalactic distances, but inaccuracies between ground and Hubble Space Telescope (HST) system photometry used in its absolute calibration currently limit its potential. We present the calibration of the TRGB in the Large Magellanic Cloud (LMC) on the HST ACS F814W system. We used archival HST observations of 12 fields in the LMC to derive blending corrections and photometric transformations for two comparatively low-resolution, ground-based wide-area imaging surveys of the LMC that are frequently used to measure the TRGB. We show that measurements of the TRGB in the LMC and in the Small Magellanic Cloud (SMC) based on these surveys are biased (too bright) by up to ∼0.1 mag in the optical due to blending, and that the bias is a function of local stellar density. The ground-to-HST correction enables us to place the LMC TRGB zeropoint on the ACS F814W system, which is commonly used for extragalactic calibrations, while benefiting from the large sample of TRGB stars from ground-based observations.
INTRODUCTION
The Large Magellanic Cloud (LMC) provides a cornerstone in the efforts to calibrate the luminosities of standard candles. It is near enough for its distance to be measured geometrically (Pietrzyński et al. 2019 ) and its geometry is well-understood so that imaging of its stars is readily converted into useful estimates of their luminosities. Wide-area surveys towards the LMC, such as MACHO (Alcock et al. 2000) , OGLE (Udalski et al. 1997) , the LMC Near-Infrared Synoptic Survey (Macri et al. 2015) and the VMC survey (Cioni et al. 2011) wyuan10@jhu.edu provide high-quality optical to near-infrared time-series photometric measurements of millions of LMC stars, offering the opportunity to calibrate distance indicators such as Cepheid variables (Soszynski et al. 2008; Macri et al. 2015) , the Tip of the Red Giant Branch (TRGB; Jang & Lee 2017; Hoyt et al. 2018; Groenewegen et al. 2018) , Miras (Soszyński et al. 2009a; Yuan et al. 2017) , RR Lyraes (Soszyński et al. 2009b) , and Population II pulsators (Bhardwaj et al. 2017) . As a result, the LMC has been one of the most critical anchors for calibrating extragalactic distance indicators and measuring the Hubble constant, H 0 (Freedman et al. 2001; Sandage et al. 2006; Riess et al. 2011 Riess et al. , 2016 Jang & Lee 2017; Riess et al. 2019; Freedman et al. 2019) .
Given a geometric distance measurement to the LMC now approaching a total uncertainty of only one percent (Pietrzyński et al. 2019) , efforts to extend flux and distance measurements based on these standard candles but using different telescopes and cameras are now limited by cross-instrument photometric uncertainties. For example, Riess et al. (2019) found a 0.02-0.04 mag offset between HST and ground measurements for 70 LMC Cepheids when directly imaging these stars from both platforms, with the value of the offset depending on the bandpass and the ground survey. Differences will naturally arise due to inconsistencies between photometric systems, differences in system bandpasses and differences in resolution. Importantly, such offsets will be system-dependent and thus must be considered anew for each ground-based survey, the relevant spectral energy distribution, source brightness and density of contaminating stars. As we will show, these offsets are often larger than the current precision of the measurement of H 0 (∼ 0.04 mag) and need to be addressed for other distance indicators besides Cepheids. To make optimal use of the exquisite LMC geometric distance estimate to anchor a long-range distance ladder, we need to either directly rely on space observations or robustly measure the relevant cross-instrument offset.
The Advanced Camera for Surveys (ACS) onboard HST has been extensively used to acquire extragalactic TRGB measurements (e.g. Makarov et al. 2006; Mager et al. 2008; Jang & Lee 2017; Hatt et al. 2017) . Most of these optical TRGB studies made use of the HST equivalent of the I-band filter, F814W, together with a bluer filter (usually F555W or F606W) to constrain the RGB sample and obtain distances based on color and the F814W TRGB magnitude. As the LMC TRGB stars are very bright for HST and widely spread across many square degrees, it is regrettably not feasible to directly measure the TRGB of the LMC in the HST photometric system. Thus the lack of a wide and shallow HST survey of the LMC precludes a direct F814W TRGB zero point calibration against geometric distance. Deeper HST imaging is not useful to compare to the ground due to the lack of overlapping fluxes. For stars near the TRGB (I ∼ 14.5 mag), ACS F814W saturates in only 20 seconds and it is important to measure even brighter stars to detect the "edge" of the tip, limiting the past HST imaging relevant for a cross-calibration to a small set. However, there is one program (GO 9891, PI Gerard Gilmore) that observed a dozen LMC fields with exposure times of 20 to 120 seconds with ACS F814W and F555W which overlap ground programs that fully cover the LMC, allowing a more direct calibration the TRGB in the LMC for the same instrument and filter used in extragalactic work.
In this work, we address the ground-to-HST zeropoint offset of the TRGB method for two commonlyused ground-based surveys and obtain the transformed TRGB magnitude in the HST ACS F814W system. The ground surveys we studied are the third phase of the Optical Gravitational Lensing Experiment (OGLE-III; Udalski et al. 2008b ) and the Magellanic Clouds Photometric Survey (MCPS; Zaritsky et al. 2004 ). The plate scales of these two surveys are 0.27 and 0.7 /pix, with typical seeing of 1.2 and 1.5 , respectively. In crowded regions in the LMC, such as its bar, we expect unresolved flux could contaminate the photometric measurements of these surveys. In comparison, the resolving power of ACS or WFC3 on HST is much higher, with pixel scales of 0.04-0.05 and near diffraction-limited resolution of ∼ 0.1 , allowing LMC stars to be easily resolved and accurately photometered. Even at the greater distances of the hosts of SNe Ia, crowding or blending of nearby star flux into the photometry of the TRGB has been shown to be negligible due to the spareness of the halo regions where it is measured and the high resolution of HST. Figure 1 shows a comparison of HST/ACS and OGLE-III images of the same region of the LMC. Although images from the MCPS survey are not available, the resolution is significantly worse than OGLE-III. To determine the LMC TRGB in the HST/ACS system, we studied the blending effect by comparing the ground and archival HST observations for stars fainter than and up to the edge of the TRGB (14.5 I 17 mag). We used the local stellar number density and the magnitude of each star to characterize its blending, and measured the ground-to-HST magnitude offset as a function of stellar density, magnitude and color. We find a large (∼ 0.1 mag) offset in the TRGB magnitude determined from MCPS data and a much smaller but still non-negligible offset for OGLE III. We demonstrate that the offset is a statistical blending effect due to the limited resolving power of ground instruments, as well as different filter responses for red stars.
The rest of the paper is organized as follows: §2 describes the data sources and reduction of the HST data;
§3 gives the methodology of ground-to-HST magnitude transformation; §4 presents the mean ground-to-HST offset of various regions across the LMC and derives the LMC TRGB value in the ACS F814W system. We also discuss in that section the impact of the offset on the estimate of extinction towards the LMC and re-determine the TRGB-based estimate of H 0 . HST OGLE Figure 1 . Locations of 12 HST fields used in this study (red squares). The size of the squares is in scale of the HST field of view. The lower right image cuts show the comparison of resolving power between the ACS F814W and OGLE I-band reference image which was observed at top seeing condition. The yellow dashed ellipse defined the "bar region" adopted in this work.
DATA AND PHOTOMETRY
In order to obtain the ground-to-HST correction for the TRGB in the LMC, we analyzed two commonly-used ground-based photometric catalogs: OGLE-III (Udalski et al. 2008b ) and the MCPS (Zaritsky et al. 2004) , as well as archival HST observations of 12 LMC fields that are covered by these ground-based surveys.
We retrieved the photometry catalog of OGLE-III for the LMC, which is based on repeated V I observations covering 40 square degrees. Their catalog includes astrometry and photometry of ∼ 3.5 × 10 7 sources. We refer interested readers to Udalski et al. (2008a) for a detailed description of the photometry and calibration. In this study we made a few cuts to select sources of interest. We firstly selected a large subsample (hereafter the "density sample") by excluding sources with I > 18 mag and merging duplicate sources in overlapping subfields within a radius of one pixel (0.27 ). This sample was used to derive the local stellar number density. We further selected a "TRGB calibration sample" with I < 17 mag and V −I > 0.5 mag to exclude sources less relevant to the TRGB. The latter sample also excluded sources with large standard deviations in mean magnitude (σ I > 0.2 mag, σ V > 0.4 mag), which tend to be large-amplitude AGB variables. The density and calibration samples consist of ∼ 1.9×10 6 and ∼ 6.5×10 5 objects, respectively. We performed a similar selection for the MCPS and obtained a "calibration sample" of ∼ 8.2 × 10 5 objects. There are two important differences between the MCPS and the OGLE data. Firstly, MCPS used a "Sloan Gunn I" filter, which is bluer than the Cousins I (an example of this type of filter is shown in Figure 2 ). The trace of this filter has not been published and is not available, making it difficult to assess (Zaritzky 2019, private communication). Secondly, the pixel size of MCPS is larger than that of OGLE by a factor of 2.6 (an area ratio of 6.7), and its seeing was considerably worse than that of OGLE, resulting in far greater blending. These differences make the MCPS sample a less favorable source compared to OGLE for TRGB calibration. However, we present the MCPS groundto-HST transformation because Freedman et al. (2019, hereafter F19) recently used MCPS photometry of the Small Magellanic Cloud (SMC) to determine the extinction of TRGB in the LMC. We used MAST to retrieve archival HST ACS F814W and F555W observations of 13 fields that are covered by the aforementioned ground surveys. These fields are centered on globular clusters NGC 1755 NGC , 1756 NGC , 1801 NGC , 1854 NGC , 1858 NGC , 1872 NGC , 1903 NGC , 1943 NGC , 1953 NGC , 1983 NGC , 2010 NGC , 2056 NGC and 2107 , but the majority of each frame covers non-cluster stars. The observations are summarized in Table 1 and their locations are shown in Figure 1 . The images were processed with the standard HST calibration pipeline and calibrated for flat field, charge transfer efficiency, geometric distortion, pixel area, etc. We found the image quality of NGC 1983 is noticeably worse than the rest of the fields and thus excluded it from the analysis. Since these fields are not very crowded at the resolution of HST, and because only bright sources were used for the analysis, we found that aperture photometry is robust and gives accurate measurements. We obtained 4-pixel aperture photometry using DAOPHOT (Stetson 1987) , followed by 10-pixel aperture corrections of −0.111 mag for F814W and −0.092 mag for F555W that are determined from isolated bright stars in these fields. We finally added the time-dependent Vega mag zeropoint using the pysynphot 0.9.12 program which corrects the 10-pixel aperture instrumental magnitudes to infinite-aperture Vega magnitudes. In summary, the magnitude calibration is set by (F814W as an example)
where ∆m inf (−0.0965 for F555W and −0.0976 for F814W) corrects 10-pixel magnitude to infinite-aperture magnitude, and ZP Vega (MJD) is the time-dependent Vega magnitude zero point which ranges from 0.7335 to 0.7351 for F555W and from 0.5294 to 0.5303 for F814W.
We present the fully-calibrated HST photometry measurements of stars used in this work in Table 2 .
METHODOLOGY
The ground-to-HST magnitude offset for a given star, ∆m ≡ F 814W − I, is dominated by filter response difference for objects in the outskirts of the LMC and by the combination of filter difference and blending for ob-jects in crowded regions. Since the variation in crowding is relatively smooth across the LMC, we treat ∆m as a combination of these two factors. Statistically, the blending effect on the photometric measurement of a star is correlated with the local stellar number density and with its own brightness. In denser regions, there is a higher chance that background sources superpose onto the aperture where the photometry is measured; for a bright source, the superposed flux is relatively small compared to its own flux, leading to a reduced blending effect in magnitude space. The filter difference is common to all objects, and for stars it can be effectively modeled by a color term. We incorporate all these contributions by modeling the offset ∆m as a linear combination of three variables: the local stellar number density N (defined below), the HST photometric measurement F814W, and the ground color measurement V −I:
where a, b, c, and d are free parameters. Dependent variable offsets were selected such that a is the approximate magnitude offset for typical TRGB stars in the LMC. We note that for such stars, the offset in extinction between the F814W and I filters varies only by ∼ ±3 mmag for 0 < A I < 0.2 mag. Thus, we can safely treat this as a constant and use the term a to absorb the overall difference. We computed the local number density N using the "density sample" as described in §2 which consists of all the OGLE sources with I < 18 mag. For each object, we adopted N as the total number of stars in the density sample within a 20 radius around its location, which represents a fine enough local scale yet encircles a number count that is statistically significant. We compute N using the OGLE density sample for both OGLE and MCPS analysis, as the OGLE catalog gives superior photometry thanks to its better seeing, finer pixel scale, and repeated observations. We cross-matched the ground calibration samples to the HST measurements using matching radii of 0.26 for OGLE and 0.7 for MCPS, which are equivalent to the size of one pixel in their detectors. Due to the limited number of HST fields, the small field of view of ACS, and the limited range of overlapping magnitudes and colors, there were only 1208 OGLE and 1042 MCPS sources matched to the HST catalog with 14.5 < I < 17 mag and 0.5 < V − I < 2.5 mag. Since each HST field contains a globular cluster, the local number density N has a wide range of 3 < N < 40, which extends far beyond the typical density of the LMC bar region (10 < N < 30). We fit Equation 1 to the matched sources with local number density restricted to N < 40 for the OGLE sample and N < 25 for the MCPS sample to avoid nonlinearity of the relations and large blending noise. Objects with local number densities beyond these limits should be excluded when deriving the TRGB offset using these calibrations, without losing much of the data (0.8% for OGLE and 7.4% for MCPS; the mean density distribution across the LMC is shown in Figure 3 ). We applied iterative 3σ clipping during the fit which rejected 8% and 5% of sources for OGLE and MCPS, respectively (reducing the outlier rejections to 1% of sources changes the zeropoint of the relation by < 3 mmag). The best-fit relations are shown in Figure 4 . Since we only use the bright end of the transformation for TRGB calibration, the small asymmetry in the faint end of the ∆m I ∼ F814W fit does not affect our results. We tested the fit with fainter stars rejected (cuts from 16 to 17 mag) and found the corresponding best-fit parameters change within the quoted uncertainties. We also derived the transformations from ground V magnitude to ACS F555W magnitude
and summarized the coefficients in Table 3 . We found that the I-band blending effect for the MCPS sample is 7.5 ± 1.2 times greater than that of the OGLE sample, which is consistent with the ratio of the pixel area of their respective cameras. We performed an order-of-magnitude check of the blending effect with the following simple model. We firstly derived the luminosity function (LF) in a power-law form, then scaled the LF such that its summation from 14.5 mag to 18 mag is equal to the local number density N . We then computed the total flux of stars that fit in an aperture of 2.5-pixel radius (half of the OGLE PSF fitting size), and turned the extra flux into magnitude offsets for stars of different magnitudes. The results of the simulations are indicated as red dashed lines in Figure 4 and show good agreement with the empirical determinations, demonstrating that the measured blending is expectable.
Independent of the comparison with HST, we also measured the difference in photometry for all TRGBlike stars (see criteria in §4.1) matched between the two ground-based catalogs in the LMC bar and off-bar regions (shown in Figure 1 ). These differences are summarized in Table 4 . Although this data covers an area many orders of magnitude greater than the HST fields used to derive the transformations, the differences match the predictions of the fitting formula to better than 0.01 mag for TRGB-like stars with bar and off-bar densities of N = 25 and N = 15, respectively. The differences between OGLE and MCPS are largest in the bar region, where the blending is highest, with mean OGLE−MCPS offsets of 0.12 and 0.06 mag for V and I, respectively. However, differences remain at the 0.04 mag level for both V and I off the bar, indicating the size of differences due to the photometric systems (zeropoints and color terms) even where stellar density decreases.
We also computed the magnitude differences between OGLE and MCPS measurements for the SMC as shown in Figure 5 and given in Table 4 (see §4.2 for details). A similar difference to that of the LMC is also seen for the SMC, also increasing with local density. Near the central region of the SMC, photometry from the two datasets differs by ∆V ∼ 0.08 mag and ∆I ∼ 0.04 mag. This has important consequences for the determination of the extinction towards the LMC obtained by F19, as discussed in §4.2.
Considering the dramatic difference in blending effects, the OGLE data are vastly superior to the MCPS data for providing calibrations of TRGB in the Magellanic Clouds. In addition, the scatter of the MCPS fit is greater by a factor of 6.4 than the OGLE fit, likely due to the MCPS measurement uncertainties and blending noise. We conclude that the MCPS data is less favorable than the OGLE data for TRGB calibrations in the Magellanic Clouds and should not be used for this purpose.
RESULTS

Implications for the LMC TRGB
The TRGB magnitude measures an ensemble property and usually requires a minimum of several hundred stars near its edge to reliably detect the change in the LF. For the LMC, different regions (groups) can exhibit different metallicities and thus different loci of the Red Giant Branch (Choudhury et al. 2016 ). Therefore we studied the mean ground-to-HST transformations for different locations across the LMC.
We selected a complete sample of all LMC stars in the ground catalogs around the I-band TRGB magnitude from those matching the following criteria: (i) 14.5 < I < 14.7 mag; (ii) 1.5 < (V − I) < 2.1 mag; (iii) local number density N < 40. The resulting sample consists of 7088 objects spread across the galaxy. We computed the mean HST-to-ground offset, ∆m, for the TRGB stars at a grid of positions with a group size of 20 . The mean corrections at different locations of the LMC are shown in Figure 6 . As mentioned before, the MCPS data exhibit greater blending effect and are much less favorable for TRGB determinations.
We calibrated the ACS F814W TRGB in the LMC starting from the results of Jang & Lee (2017, hereafter, JL17) , who measured the ground I-band TRGB magnitudes in ten fields of the LMC using the V I photometry from the OGLE-III shallow survey. Because JL17 also measured the TRGB in SN Ia hosts with similar methods (i.e., smoothing and edge detection) as the LMC and utilized the data of the same OGLE system we analyzed, we chose not to independently measure the TRGB from the OGLE photometry but rather to apply our transformation to the JL17 values as listed in their Table 5 to the HST system. The JL17 values included corrections for the geometric separation of the regions from the LMC line of nodes and for extinction using the OGLE reddening maps of Haschke et al. (2011) . These maps, based on red clump stars and RR Lyrae, were shown in the original publication to be in strong agreement with maps derived from 2MASS data (Dobashi et al. 2008 (Dobashi et al. , 2009 ) and from the prior generation of OGLE-based maps (Subramaniam 2005) . Independently, Graczyk et al. (2018) presents three estimates of extinction for 20 detached eclipsing binaries (DEBs; a younger population with more extinction than red giants) in the LMC, finding good agreement with the Haschke et al. (2011) maps with a mean A I that is 0.02 mag lower from measurements of Na I D1 lines and 0.03 mag higher from atmospheric modeling. We will consider this subject further in the next section. We restricted the aforementioned TRGB sample where the HST-to-ground transformation was determined to 1.5 < (V − I) < 1.9 mag and averaged the corrections of TRGB stars within 50 around each field in order to match the choices made by JL17. The mean corrections and F814W TRGB magnitudes for the ten fields are summarized in Table 5 . The corrections for the OGLE system range from −0.023 mag in outer fields to −0.012 mag in crowded central regions of the LMC with the 0.011 magnitude difference due to the differences in blending. The transformations for the MCPS system would be far greater and highly dependent on location but we discourage use of these as the MCPS photometry is too strongly contaminated by blending to be reliable to high precision. The differences for ground I-band TRGB and ACS F814W TRGB magnitudes are shown in Figure 7 . By applying the empirical ground-to-HST correction we obtained a mean F814W TRGB for the LMC of 14.507 ± 0.012(stat) ± 0.028(sys) mag, where the quoted errors are: random error of 0.012 mag from the standard deviations of the ten fields scaled by the square root of the degrees of freedom; systematic error of 0.028 mag from a quadratic sum of extinction correction error (0.02 mag; Lee 2019, private communication) and intermediate-age population error (0.02 mag; JL17). Using the geometric estimate of the distance to the LMC from Pietrzyński et al. (2019) our best estimate of the absolute I-band LMC TRGB luminosity on the the ACS HST system is then M F 814W = 14.507 − 18.477 = −3.97 ± 0.04 mag.
Impact of Blending on LMC TRGB Extinction Estimate and H 0
The TRGB is commonly observed in the halos of galaxies where extinction is a scant A I ∼ 0.01 mag, as indicated by the reddening of background quasars by foreground halos at radii from the host center of 10-20 kpc (Ménard et al. 2010) . However, there is strong motivation to calibrate the TRGB luminosity in the LMC where a precise ∼ 1% geometric distance is now available (Pietrzyński et al. 2019) . However, the extinction of TRGB in the LMC is a much more significant A I ≥ 0.1 mag. Absolute extinction in optical bands outside the Milky Way can be difficult to estimate, and uncertainties in this estimate can dominate the total uncertainty in the determination of the TRGB luminosity.
In the previous section we transformed the extinctionfree, depth-corrected measurement of the LMC I-band TRGB from JL17 on the OGLE system to the HST ACS F814W system based on matching photometry of sources on both systems. JL17 used the extinction given at the locations of the TRGB stars in the OGLE reddening maps of Haschke et al. (2011) where extinction was measured from red clump stars and RR Lyrae. Such stars are suitable tracers of interstellar extinction for TRGB since they come from similarly older or intermediate-age populations. The median LMC TRGB extinction given by these maps for all stars near the TRGB as identified in §4.1 is A I = 0.10 mag over the LMC bar region and A I = 0.11 mag in the region away from the bar (as shown in Figure 8 ). Another recent and consistent estimate of the TRGB LMC extinction by Hoyt et al. (2018) found A I = 0.06 ± 0.06 mag (from E(B−V ) = 0.03 ± 0.03 mag) from a comparison of NIR TRGB colors across the LMC.
A new estimate of the LMC TRGB extinction was made by F19 to calibrate TRGB and measure H 0 by comparing the LMC TRGB in the VIJHK bands to these same values derived in the SMC (and IC 1613) , where the TRGB extinction is estimated to be lower. This comparison simultaneously constrains the parameters of relative distance and relative extinction, after which the extinction towards the SMC (or also IC 1613) is taken into account to yield the LMC value. F19 reported A I (LMC) = 0.16 ± 0.02 mag, higher than the OGLE map value by ∼ 3σ.
The comparison made by F19 of TRGB magnitudes between the Clouds utilized a different ground system for the photometry in the LMC than used for the SMC. Specifically, F19 used OGLE-III photometry to measure the LMC TRGB and MCPS photometry (from Zaritsky et al. 2002) for the SMC TRGB. Our direct comparison in §3 of these two sources of ground photometry in the LMC revealed large offsets between them for TRGB stars that result from differences in blending, zeropoints and color terms. The SMC TRGB photometry from MCPS used by F19 was obtained near the center of the galaxy and the LMC TRGB photometry was obtained away from the bar and assumes a mean matching the distance to the LMC line of nodes (Madore, private communication) . Although the list of stars used by F19 has not been provided, Figure 9 shows the positions of stars in the SMC derived from the OGLE catalog, from which we select two large circular regions centered on the galaxy (at α = 12.5
• , δ = −73
• in J2000) with radii of 30 and 40 . As previously discussed, Figure 5 showed a direct comparison of SMC OGLE and MCPS photometry in V and I for stars in these regions with magnitudes near the TRGB. A significant inconsistency is apparent, similar to that seen in the LMC comparison. In these central regions of the SMC, photometry given from the two datasets differs by ∆V ∼ 0.08 and ∆I ∼ 0.04 mag for TRGB stars in the inner 30 region and by ∆V ∼ 0.07 and ∆I ∼ 0.04 mag for stars within the broader 40 region (see Table 4 ). To enable a check of this result, Table 6 presents the coordinates and ground photometry in both systems for SMC TRGB stars in these regions. It is likely this difference arises from a similar combination of blending, zeropoint and color term differences as modeled in the LMC. Regardless of its cause, this inconsistency between OGLE and MCPS photometry of TRGB-like stars in the SMC has important consequences for the determination of the extinction towards the LMC obtained by F19.
We repeat the analysis presented in F19 by shifting only the SMC V and I-band photometry to the OGLE system by the above amounts to account for the blending in the MCPS photometry relative to OGLE and so that the LMC and SMC measurements are based on the same OGLE system zeropoints and bandpasses. The results, adopting the Fitzpatrick (1999) reddening law, are shown in Figure 10 . Because the extinction parameter in the TRGB color comparison is more sensitive to the shorter wavelength V -band (the relative distance parameter is better constrained by the NIR data), the change in the estimated extinction is necessarily a large fraction of the change in V photometry. The use of MCPS SMC photometry within the aforementioned broader and central regions leads to significant overestimates of the LMC extinction by ∆A I =0.06 mag. Accounting for this dif- ference revises the estimate of the total LMC extinction by this method to A I = 0.10 and 0.09 mag, based on the broader and central SMC regions, respectively. This result is in good agreement with the median of A I = 0.10 and A I = 0.11 mag (for the LMC bar and outer regions, respectively) based on the Haschke et al. (2011) maps, as shown in Figure 8 . Our result is 0.06 mag or 3σ lower than the F19 estimate.
As a further check, we obtained an estimate of the LMC TRGB extinction through a comparison to the SMC independent of the analysis in F19. We measured the I-band TRGB for both Clouds using only OGLE data. We removed the expected relative blending of the photometry between the Clouds indicated by our fitting formulae (∼0.01 mag) and corrected for the geometric inclination of the LMC using the geometry solved by Pietrzyński et al. (2019) . We obtained I-band TRGB magnitudes of 14.61 and 15.01 for the LMC and SMC, respectively. Since no extinction correction has been applied to either measurement, the difference between these two values (0.40 ± 0.02 mag) is a combination of relative distance modulus and relative I-band extinction between the Clouds. That is, ∆mag = ∆µ + A I (SMC) − A I (LMC). Wielgórski et al. (2017) provides the most precise relative distance modulus to date, ∆µ = 0.472 ± 0.026 mag, by using DEBs systems in both Clouds, a robust approach thanks to the cancellation of calibration systematics. The advantages of this route to measure the LMC extinction is that it only makes use of TRGB measurements in I, which is the only band where this distance indicator is known to be quite insensitive to differences in star formation history (SFH) and metallicity. By subtracting the aforementioned relative distance modulus we obtain a relative I-band extinction of 0.07 mag between the Clouds. A1 ). Blue and red lines show our two-parameter fits using corrected SMC photometry from the inner and broader regions (defined in the text), respectively. Points are slightly shifted in the horizontal direction to aid visualization. Note the different y-axis ranges for the black (left) and red/blue points (right), due to the difference in best-fit relative distance modulus. Right: Various solutions for the LMC I-band extinction and relative distance modulus between the Clouds, using the same color scheme as the left panel. Solid and dashed contours indicate 1 and 3σ uncertainty ellipses. The green cross indicates the I-band extinction value obtained from OGLE TRGB photometry in both Clouds and the DEB relative distance moduli (Wielgórski et al. 2017) ; it is not used in any of the fits. The median I-band extinction values for the bar & off-bar regions of the LMC based on Haschke et al. (2011) are indicated by the horizontal black solid and dashed horizontal lines, respectively.
Assuming the same SMC extinction adopted by F19 of A I (SMC)=0.037 mag, the total extinction towards the LMC is then A I (LMC) = 0.11±0.03 mag (see Figure 8) , consistent with our previous analysis and the average extinction from Haschke et al. (2011) . We note that the relative TRGB magnitude changes marginally if adopt the quadratic color-corrected QT magnitude introduced by JL17, and in the direction of lower extinction towards the LMC if we adopt the linear color-corrected T magnitude introduced by Madore et al. (2009) . An additional extinction estimate for the LMC is provided by F19 through a comparison of VIJHK TRGB colors between the LMC and IC 1613. The TRGB IC 1613 detections are presented in Hatt et al. (2017) where ground-based V -band photometry is calibrated to a redder ACS filter, F606W. Due to the large color term which results from the comparison, Hatt et al. (2017) state that this V -band data is useful only to identify tip sources and not suitable for the actual TRGB measurement. As a result, and because our transformations were derived between V and F555W, we are unable to reanalyze the IC 1613 data on a matching photometric systems as was done between the LMC and SMC.
However, the F19 comparison between LMC and IC 1613 TRGB colors introduces an additional complication worth considering, given the sensitivity of the location of the TRGB in the CMD as a function of metallicity and SFH. The metallicity of the TRGB in IC 1613 is [Fe/H] =−1.6 ± 0.2 dex, compared to ∼ −0.5 dex for the LMC and −1 dex for the SMC (McQuinn et al. 2017; Nidever et al. 2019 ). According to McQuinn et al. (2019) , the use of a single slope to "rectify" the TRGB for its color dependence at different metallicities produces differences in the TRGB of Figures A1 and A2 ). The modeled ∼ 0.04 mag differences due to metallicity are far greater than these uncertainties and more importantly, the modeling indicates they have a systematic shift with wavelength. To illustrate the impact of this on the extinction estimate, we naively use the comparison in McQuinn et al. (2019) for the same SFH and ∆[Fe/H]=1 (from -2 to -1 dex). This indicates that the rectified TRGB colors of the metal-poorer host, in this case IC 1613, would be fainter in J, H and K by ∼ 0.026, 0.033 and 0.038 mag, respectively, and brighter in V and I by ∼ 0.019 and 0.014 mag, respectively. This wavelength dependence of the metallicity effect reduces the implied extinction of the metal-rich host (in this case the LMC) relative to the metal-poor one and yields a total LMC extinction of A I =0.10 mag, in agreement with the earlier determinations. Figure 11 shows the impact of these metallicity corrections on the derived LMC extinction. Even without this systematic change with wavelength, allowing for a random error of the modeled size of 0.04 mag per band due to comparing TRGB across hosts with a metallicity difference of ∼ 1.0 dex and in bands other than the I-band would increase the uncertainty in the LMC extinction to 0.08 mag, reducing the value of this comparison.
However, we caution that a correction to TRGB colors may depend on both SFH and metallicity, which may require additional modeling and likely incurs uncertainties that may make the resulting estimate unreliable. Additional evidence of greater complexity in TRGB in the NIR comes from Dalcanton et al. (2012) , who compared the TRGB in J and H across 23 nearby galaxies using HST imaging and found a scatter of 0.05 mag and offsets between these and globular cluster TRGBs and model TRGBs at the 0.1 mag level. Here we take only the direction and scale from comparing metal-poor to more metal-rich hosts as suggestive that this comparison is challenging and likely too uncertain at present to support the small extinction uncertainty in F19 of 0.02 mag and a revision of the OGLE map-based extinction estimate.
Finally, we note that the quality of the fit to the reddening between the LMC and the other hosts with the adopted F19 relative errors of 0.01 mag is quite poor, with χ 2 = 13.7 and 16.4 for 3 degrees of freedom (5 data points minus 2 free parameters; probabilities to exceed these χ 2 are 0.3% and 0.1%) for the SMC and IC 1613 comparison, respectively. This suggests that there may indeed be additional variations due to SFH and metallicity that are well in excess of the estimated errors and that this approach may require additional understanding before it is robust.
From the above we conclude that the LMC TRGB extinction estimates from Haschke et al. (2011) and employed by JL17 appear reasonable and our best estimate of the LMC TRGB luminosity on the ACS HST system is then M F 814W = −3.97 ± 0.04 mag. The difference between this value and the one in F19 is 0.079 mag or 3.7% in H 0 , increasing the F19 estimate of H 0 to 72.4 ±1.9 km s −1 Mpc −1 . Most of this difference, 0.06 mag, results from the described differences in LMC extinction estimators.
SUMMARY
In this work, we addressed the cross-instrument zero point issue for the LMC TRGB determination by analyzing two ground datasets (OGLE and MCPS) and HST observations. We studied the blending effect and filter transformations for these ground data by comparing their photometry directly to ACS F814W observations of the same fields, with the latter camera and filter being widely used for TRGB measurements in extragalactic systems for the cosmic distance ladder.
We found that the MCPS data, compared to OGLE, are less suitable for precision TRGB studies in both Magellanic Clouds due to severe biases caused by blending. In the bar region of the LMC, where most TRGB stars are located, the blending effect biased the MCPS photometry by ∼ 0.06-0.1 mag, which is greater than the current precision of H 0 measurement of 0.04 mag. On the other hand, the OGLE data exhibit a much reduced and correctable blending bias (∼ 0.01 mag) for most sources, making them a better choice for TRGB calibrations.
The filter transformation between OGLE I and ACS F814W is relatively small but non-negligible. For the magnitude and color ranges of TRGB stars in the LMC, the offset solely due to filter transformation is ∼ −0.023 mag. For OGLE V and ACS F555W the the offset is strongly color-dependent, as the ACS F555W filter response significantly extends towards the bluer direction. Here we report an empirically determined color transformation between OGLE V −I and ACS F555W−F814W based on 929 stars in the LMC with 0.5 < V −I < 2.3 F 555W − F 814W = 1.082(±0.001) · (V −I), which may be useful for future color-dependent calibrations of the TRGB.
We derived ground-to-HST correction formulae to account for the blending effect and filter transformations in the LMC that explain the large differences seen between two commonly used ground systems. Because these observed differences are a particularly large ∼ 0.1 mag for MCPS TRGB photometry of the SMC in the V -band which was utilized in a comparison by F19 to determine the LMC extinction we find this inconsistency between ground systems leads to an overestimate of the LMC extinction by ∼ 0.06 mag. The extinction estimate of A I (LMC)=0.10 mag resulting from correcting the MCPS SMC photometry for blending was confirmed with our own estimate of the TRGB in the LMC and SMC using a consistent set of I-band photometry from OGLE and the relative distance between the Clouds from DEBs. This value further matches the mean value from the OGLE reddening maps derived from red clump stars at the positions of the TRGB stars in the LMC from Haschke et al. (2011) and employed by JL17 for their TRGB calibration. We therefore started with the JL17 TRGB calibration and transformed it to the ACS F814W system, obtaining M (F814W) = −3.97 ± 0.04 mag and a TRGB-based H 0 which is 3.7% higher than the F19 value.
While the application of TRGB in the halos of SN Ia hosts is quite insensitive to extinction, its calibration in the LMC is highly dependent on the estimate of its considerable extinction. Additional studies of the extinction of TRGB stars in the LMC is warranted as well as the use of additional geometric distance anchors. In the future, parallax estimates from Gaia out of the plane (and dust) of the Milky Way to TRGB stars and improvements in the distance estimates from masers in NGC 4258 are likely to alleviate the present reliance on the LMC and estimates of its extinction.
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